The recycling, incineration, and final disposal rate of municipal solid waste (MSW) are 11 calculated based on the total amount of waste input to each facility in many countries. These 12 statistic data have serious limitation in setting the national goal and policy for effective waste 13 management because it is not considering the amount of foreign objectives in the process of each 14 life-cycle stage. This case study is to estimate the actual rates of recycling, incineration, and final 15 disposal by material flow analysis (MFA) after the collection of MSW in Korea. The actual rates 16 of recycling, incineration and final disposal for MSW in 2016 were 49.9%, 32.9% and 23.1% 17 respectively, indicating that the recycling rate was lower by 10.1%, while the incineration and final 18 disposal rates were raised by 7.6% and 8.4% respectively, compared with the statistics for current 19 MSW. In addition, the changed actual rates of recycling, incineration treatment, and final landfill, 20 and variation of waste treatment charge according to treated amounts per treatment method was 21 analyzed. This results of this study will contribute to establish national level of plan on effective 22 waste management.
Introduction

27
In South Korea, the Framework Act on Resource Circulation has been enforced since January, 28 2018. According to the article 11 and article 12 of this Act, the minister of Ministry of Environment 29 should establish in every 10 years for the enforcement the Master Plan for Resource Circulation 30 3 amounts of foreign objects (referring to the sorting residual waste generated from the process of 47 screening and recycling), those rates cannot be utilized directly for setting the above targets. 48 To establish the installation and operation plan for MSW treatment facilities, the input amounts 49 of wastes into the treatment facility should be known based on the material flow. In this study, 50 actual recycling rate, incineration rate, and final disposal rate were calculated through the MFA 51 that considered the generation and treatment of foreign objects and incineration residue from the wastes for daily life will be called MSW by using a conventional terminology. Therefore, the MSW 116 in this thesis hereafter would mean the sum of MSW generated in households and MSW at business 117 sites. While 'Nationwide Status of Waste Generation and Treatment in 2016' is prepared based on 118 the daily waste generation, the value converted to annual generation by multiplying the daily 119 generation by 365 was used to analyze the material flow based on annual generation. As a reference, 120 the sum of the amounts of MSW collected and input to treatment facilities is assumed to be the 121 MSW generation in the current waste statistics. Since the area of MSW management zone in Korea 122 is 98,317.04 km 2 and the population residing in this zone is 53,112,059 people corresponding to 123 99.9% of the population in South Korea [2], the difference between generated amount and 124 collected amount of MSW is insignificant so that the above assumption does not produce any 125 problem. Also, this statistics classifies the generated amount and the treated amount of MSW into 126 3 types for preparation, including mixed discharge according to the volume-rate waste disposal 127 system: discharge by designated plastic bag, separated discharge of recyclable resources, and 128 separated discharge of food wastes. Therefore, this study also followed the above classification 7 etc. used for MFA are as follows. 2) Recyclable resources generated at apartments are separately discharged per item, and treated 143 mostly in consignment as residents sign a sales contract with private recycling businesses.
144
Recyclable resources produced in single-unit housing (referring to housings including studio other 145 than apartment) tend to be discharged all at once rather than being discharged separately. They are 146 collected by local governments, sorted per item by public sorting facilities and supplied to private 147 recycling businesses. For the recyclable resources generated in apartments, separated discharge 148 bins per recycling item are installed and managed by apartment security personnel for paid sales 149 so that mingling rates of foreign objects are lower than the discharge from single-unit housings.
150
Therefore, material flow was analyzed by classifying discharged amounts of recyclable resources 151 generated in apartments and single-unit housings. With an assumption that the amounts of 152 recyclable resources generated in apartments and single-unit housings were proportional to the 153 residing population, they were distributed to be 53. 06% type was calculated by dividing this amount by the ratio for the total amount of sorted items of 171 recyclable resources from apartments and single-unit housings. In this statistics, based on the fact 172 that 0.296 million tonnes of waste synthetic resin was input to the SRF manufacturing facilities, 173 the SRF production yield of the same waste plastic film and the generation rate of foreign objects 174 was set to be 95.6% and 4.4% respectively. to be the value where the amount of waste plastic film for the EPR above was subtracted from the 177 amount of sorted items from apartments and single-unit housings. were determined to be 54.9% for the production yield, 30.7% for the generation rate of foreign 217 objects, and 14.4% for the process loss rate by referring to the two data above. 218 9) Production yield and generation rate of foreign objects per recycling method of food wastes 219 are from 2016 data for operation status of public MSW treatment facilities. The ratios for the 220 produced amount of recycling product per recycling method and the generation amount of foreign 221 objects in treatment facilities for food wastes (79 facilities) were set to be 14.0% and 4.4% for feed 222 conversion, 13.5% and 7.9% for compost conversion, 7.1% and 16.7% for bio gas conversion, 223 32.1% and 5.6% for other cycling respectively. Production yield for bio gas conversion was set as 224 the ratio of weight calculated by multiplying the produced volume of biogas by the density of 225 methane gas to the input amount assuming that total amount of bio gas was methane gas. 226 Generation rate of foreign objects was set as the ratio of the sum of the amount of foreign objects 227 removed from pre-treatment facility of anaerobic digestion facilities and the amount of solid 228 residues produced after anaerobic digestion to the input amount of food waste. 10) The ratios per treatment method of foreign objects generated by sorting facilities for recyclable resources were determined to be 83% for incineration treatment and 17% for landfill 231 treatment according to the ratio of the sum of the amount of incineration and the amount of landfill 232 by the public sorting facilities for recyclable resources (175 facilities) in 2016 data on operation 233 status of public MSW treatment facilities. Although these values are ratios for the treatment 234 method of foreign objects in sorting facilities operated by local governments, these ratios were 235 also applied to the treatment of foreign objects generated in sorting of recyclable resources 236 collected from apartments since there was no data available on the treatment methods of foreign 237 objects by sorting facilities of private recycling businesses. 238 11) Currently, since foreign objects of manufacturing facilities for SRF are landfilled and foreign 239 objects of recycling facilities for food wastes are incinerated, these treatment methods were applied 240 directly for foreign objects in the same facilities. The total amount of sorted items recovered by the input of recyclable resources to sorting processes 258 and the input amount of food wastes to recycling process after the input to recycling facilities 259 followed by the removal of foreign objects in pre-treatment process was 10.059 million tonnes, additionally while SRF is manufactured by waste plastic film among sorted items, actual recycled 283 amount was calculated by excluding this amount. Since food wastes have a high water content of 284 about 80% and a large amount of the water is evaporated in the recycling process but also the water 285 content of final recycling products (feed, compost, etc.) is not constant and there is no method to 286 determine how to handle water in calculation of recycling rates, the amount excluding foreign objects was considered as the recycled amount. As shown in Figure 1 , material balance for the 288 recycling process of food wastes is 0.792 million tonnes for the production of recycling products, 289 0.351 million tonnes for the generation of foreign objects, and 3.944 million tonnes for the loss 290 amount due to water evaporation, etc. Composition ratios compared with the input amount of food 291 wastes to recycling processes are 15.1%, 77.5%, and 6.9% respectively, where the loss rate due to 292 water evaporation, etc. is large.
293
As it can be seen in Figure 2 , the input amount to incineration facilities immediately after the 294 collection of MSW in 2016 was 4.968 million tonnes, which is 25.3% of the generation of MSW.
295
However, since the incinerated amount of 1.474 million tonnes of foreign objects was added, the 296 actual incinerated amount was 6.441 million tonnes, which is 32.8% of the generation of MSW. Figure 2 , the amount removed as foreign objects from sorting facilities and recycling facilities of 308 MSW (including SRF manufacturing facilities) is 1.897 million tonnes, which is 9.7% of the 309 generation of MSW while the amount of incineration residue is 1.224 million tonnes, which is 6.2% of the generation of MSW, the sum of which is 15.9% of the generation of MSW. Meanwhile, 311 0.280 million tonnes of incineration residue which is generated from the incineration of foreign 312 objects at sorting facilities and recycling facilities is included in the amount of incineration residue.
313
In this study, through the analysis on the material flow, the amounts of incineration and landfill 314 were calculated including first generated MSW as well as foreign objects and incineration residue 315 generated from the processes of its sorting, recycling and treatment. Consequently, the sum of 316 treated amounts is larger than the amount of MSW generated first. While the incineration rate in 1) The value is the sum of recyclable resources input to sorting facility, food waste recycling facility, recovered resource at a storage and transshipment facility, and SRF facility from 328 designated plastic bag waste (general MSW which is managed by volume-based fee).
329
2) The value is the sum of sorted resources, food waste except residues, recovered resource at a 330 storage and transshipment facility, and SRF facility from wastes in designated plastic bag (general 331 MSW which is managed by volume-based treatment fee).
332
3) The value is the sum of residues from sorting facility and food waste recycling facility. The MFA results when fluff SRF is manufactured from the directly landfilled wastes in designated 344 plastic bag are shown in Figure 3 . As described in Section 3.2.1, material balance for SRF 345 manufacturing process was calculated by assuming 54.9% for production yield, 30.7% for generation 346 rate of foreign objects, and 14.4% for process loss rate. When 2.837 million tonnes of wastes in 347 designated plastic bag are input to SRF manufacturing facilities as shown in Figure 3 , 1.558 million 348 tonnes of SRF is produced along with 0.871 million tonnes of foreign objects, and the amount of 349 process loss is 0.409 million tonnes. When compared with 2016 treatment results for MSW (Figure 2) , the actual recycling rate was increased from 49.9% to 57.8% by 7.9%, while the actual final disposal 351 rate is decreased from 23.1% to 13.1% by 10.0%. Assuming that SRF was substituted for fossil 352 fuels, the treatment of combustion residue generated after combustion was not considered. 353 However, the amount of combustion residue was 0.296 million tonnes corresponding to 1.5% of 354 the generation of MSW if the amount of combustion residue would be assumed to be the same as 355 the generation ratio of incinerated materials (19%). (Figure 2 ), the incineration rate was increased from 32.8% to 47.5% by 14.7%, 369 while the final disposal rate was decreased from 23.1% to 11.2% by 11.9%. incineration, and final disposal were obtained, and the ratios accounted for the generation of MSW 382 by these amounts of treatment have been arranged and shown in Table 1 . 383 As indicated in Table 1 , the manufacturing of SRF from directly landfilled wastes in designated 384 plastic bag is advantageous to increase the recycling rate, while the incineration of directly 385 landfilled wastes is advantageous to reduce the final disposal rate. However, some incineration 386 facilities produce electricity or/and steam by recovering incineration heat and use them as 387 alternative energy. Such incineration facilities tend to increase gradually. However, the recovery 388 and use of incineration energy have not been considered in this study. Also, as described in Section 389 2.3, neither the amount of combustion residues generated from the use of SRF has been included 390 in the landfill amount.
391
As a reference, 2016 final disposal rate of MSW in Japan was 9.7%. It was lower than the final 392 disposal rate in Korea with 11.2 % by 1.5% which was calculated under the condition of all of the 393 land-filled wastes being treated for incineration. However, the final disposal rate is lowered to 394 9.5% if 0.423 million tonnes of landfill amount (2.2% of the MSW generation) among foreign 395 objects generated in the recycling process of MSW being treated by incineration, and the 396 generation rate of incineration residue is assumed to be 19%. Since the foreign objects generated in sorting facilities for recyclable resources and 412 manufacturing facilities for SRF generally have combustible contents with more than 5% based 413 on weight, the rate for combustible waste was applied among industrial and commercial wastes, 414 while the rate for non-combustible material among industrial and commercial wastes was applied 415 to the incineration residue because its combustible contents is judged to be less than 5% based on 416 weight. In accordance with the related regulations of enactment decree for the same act, the rates 417 of contribution to waste disposal per 1kg of MSW as shown in Table 3 are 15 Korean won (KRW) 418 for direct landfill treatment and 10 KRW for incineration, while that for landfill of foreign objects 419 is 25 KRW, 10 KRW for incineration, and 10 KRW for the landfill of incineration residue.
420
Meanwhile, the reduction rates in case of incineration for MSW and foreign objects are as shown 421 in Table 2 . with Type 3A but incineration heat energy recovery and utilization rate is increased from 50% to 451 60%, Type 3C: Same condition with Type 3A but incineration heat energy recovery and utilization 452 rate is increased from 60% to 75%, Type 3D: Same condition with Type 3A but incineration heat 453 energy recovery and utilization rate is increased to 75% and more.
454
Note 2) The waste treatment charge was expressed in the unit of one million KRW and the sum
